Schie␤l IM, Rosenauer A, Kattler V, Minuth WW, Oppermann M, Castrop H. Dietary salt intake modulates differential splicing of the Na-K-2Cl cotransporter NKCC2. Am J Physiol Renal Physiol 305: F1139 -F1148, 2013. First published August 14, 2013 doi:10.1152/ajprenal.00259.2013.-Both sodium reabsorption in the thick ascending limb of the loop of Henle (TAL) and macula densa salt sensing crucially depend on the function of the Na/K/2Cl cotransporter NKCC2. The NKCC2 gene gives rise to at least three different full-length NKCC2 isoforms derived from differential splicing. In the present study, we addressed the influence of dietary salt intake on the differential splicing of NKCC2. Mice were subjected to diets with low-salt, standard salt, and high-salt content for 7 days, and NKCC2 isoform mRNA abundance was determined. With decreasing salt intake, we found a reduced abundance of the low-affinity isoform NKCC2A and an increase in the high-affinity isoform NKCC2B in the renal cortex and the outer stripe of the outer medulla. This shift from NKCC2A to NKCC2B during a low-salt diet could be mimicked by furosemide in vivo and in cultured kidney slices. Furthermore, the changes in NKCC2 isoform abundance during a salt-restricted diet were partly mediated by the actions of angiotensin II on AT 1 receptors, as determined using chronic angiotensin II infusion. In contrast to changes in oral salt intake, water restriction (48 h) and water loading (8% sucrose solution) increased and suppressed the expression of all NKCC2 isoforms, without changing the distribution pattern of the single isoforms. In summary, the differential splicing of NKCC2 pre-mRNA is modulated by dietary salt intake, which may be mediated by changes in intracellular ion composition. Differential splicing of NKCC2 appears to contribute to the adaptive capacity of the kidney to cope with changes in reabsorptive needs. differential spacing; NKCC2; salt transport THE THICK ASCENDING LIMB OF the loop of Henle (TAL) contributes to 25-30% of total renal Na ϩ reabsorption. Apical Na uptake in cells of the TAL is primarily mediated by the bumetanide-sensitive Na-K-2Cl cotransporter NKCC2 (5). In addition to its function in TAL salt retrieval, the NKCC2-dependent transport activity of macula densa cells constitutes the initial step in the tubulovascular signaling pathways between the TAL in the juxtaglomerular region and the afferent arteriole (20, 33) . By detecting changes in luminal NaCl concentration, macula densa cells modulate the tone of the afferent arteriole and subsequently control the single-nephron glomerular filtration rate. This negative feedback loop is known as tubuloglomerular feedback (TGF; Ref. 38). Macula densa cells also control the secretion of renin from granular cells of the afferent arteriole (4).
differential spacing; NKCC2; salt transport THE THICK ASCENDING LIMB OF the loop of Henle (TAL) contributes to 25-30% of total renal Na ϩ reabsorption. Apical Na uptake in cells of the TAL is primarily mediated by the bumetanide-sensitive Na-K-2Cl cotransporter NKCC2 (5) . In addition to its function in TAL salt retrieval, the NKCC2-dependent transport activity of macula densa cells constitutes the initial step in the tubulovascular signaling pathways between the TAL in the juxtaglomerular region and the afferent arteriole (20, 33) . By detecting changes in luminal NaCl concentration, macula densa cells modulate the tone of the afferent arteriole and subsequently control the single-nephron glomerular filtration rate. This negative feedback loop is known as tubuloglomerular feedback (TGF; Ref. 38) . Macula densa cells also control the secretion of renin from granular cells of the afferent arteriole (4) .
NKCC2 is encoded by the gene Slc12a1 (8, 16) . In humans and all other examined mammalian species, differential splicing of Slc12a1 gives rise to at least three different full-length isoforms of NKCC2, known as NKCC2B, NKCC2A, and NKCC2F (3, 16, 28, 40) . During the splicing process, the exon 3 is linked to the exon 4B or 4A or 4F followed by the common exon 5. Thus the NKCC2 isoforms differ in the variable exon 4, which encodes for 32 amino acids of the second transmembrane domain and parts of the adjacent intracellular loop (28) . This part of the cotransporter has been shown to be crucial to Cl transport and loop diuretic binding (12) .
The NKCC2 isoforms differ in their localization along the TAL and in their transport characteristics. In rodents, NKCC2F is predominantly expressed in the medullary TAL, and NKCC2A is expressed in the outer stripe of the outer medulla and in the cortical portions of the TAL. The latter NKCC2A expression overlaps with NKCC2B, which is predominantly expressed in the cortical TAL (26, 27, 42) . In the macula densa, a parallel expression of NKCC2B and NKCC2A has been shown for mouse kidney (26, 27) . The transport characteristics of the NKCC2 isoforms were addressed in several in vitro studies, indicating that the NKCC2F isoform has the lowest affinity for Cl, which is the transport-limiting ion. NKCC2A exerts a markedly higher Cl affinity than does NKCC2F; the NKCC2B has the highest Cl affinity but the lowest transport capacity (10, 29) . These in vitro findings were further confirmed by in vivo micropuncture studies using mice with targeted disruption of NKCC2B and NKCC2A (26, 27) .
In this study, we investigated the regulation of the differential splicing of NKCC2 in mice during changes in oral salt intake. Considering the differential expression patterns and transport characteristics of the NKCC2 isoforms, we hypothesized that the differential splicing of NKCC2 may be modulated to cope with changes in renal reabsorptive needs. Furthermore, we postulated that changes in the NKCC2 isoform expression in the macula densa may be involved in adaptations of the TGF, known as TGF resetting, in response to chronically altered tubular Cl concentrations (36, 37) .
We found that differential NKCC2 splicing was modulated during changes in dietary salt intake such that salt restriction enhanced the expression of the high-affinity NKCC2B isoform and concomitantly reduced the levels of the lower-affinity A isoform. This regulation of the splicing process was partially dependent on the NKCC2 transport activity. The resulting changes in the specific NKCC2 isoform abundance may con-tribute to the overall adaptations of renal Na ϩ homoeostasis and to the resetting of the operating point of the TGF.
METHODS

Animal Experiments
All experiments were performed in male 8-to 10-wk-old C57BL/6 mice. Animal care and experimentation were approved by local authorities (Regierung der Oberpfalz) and carried out in accordance with National Institutes of Health principles as outlined in their Guide for the Care and Use of Laboratory Animals.
Experimental Protocols
Changes in oral salt intake. Groups of six mice each received a low-salt diet [0.02% NaCl (wt/wt)], standard chow [0.4% NaCl (wt/wt)], or high-salt diet [4% NaCl (wt/wt)] for 7 days (n ϭ 6). Experimental chow was purchased from Ssniff Spezialdiäten (Soest, Germany).
Furosemide infusion. Furosemide was applied by osmotic minipumps (model 1002; Alzet; 10 mg·kg Ϫ1 ·day Ϫ1 ) for 7 days. In a control group, the osmotic minipumps were filled with vehicle (n ϭ 6 for each group). Pumps were implanted subcutaneously under sevoflurane anesthesia. The mice had free access to one bottle with tap water and one bottle containing a 1% NaCl solution.
Chronic infusion of angiotensin II. Mice were infused with angiotensin II for 7 days via osmotic minipumps. Minipumps were loaded with angiotensin II dissolved in 300 mM NaCl and 1 mM acetic acid (2 mg·kg Ϫ1 ·day Ϫ1 angiotensin II; Sigma-Aldrich). Pumps were implanted subcutaneously while the animals were under sevoflurane anesthesia (n ϭ 10). A control group received osmotic minipumps filled with vehicle (n ϭ 10). The function of the osmotic minipump was controlled by the determination of arterial blood pressure using tail-cuff manometry.
Angiotensin II receptor antagonism. Mice received the AT 1 receptor antagonist losartan (Sigma-Aldrich) dissolved in their drinking water for 7 days (30 mg·kg Ϫ1 ·day
Ϫ1
; n ϭ 6). To block the AT2 receptor, mice received PD123319 (10 mg·kg Ϫ1 ·day Ϫ1 ) in the drinking water (7 days). A control group had free access to tap water (n ϭ 6).
Low-salt diet. The low-salt diet [0.02% NaCl (wt/wt])] was given in combination with the AT 1 receptor antagonist losartan (SigmaAldrich) dissolved in the drinking water for 7 days (30 mg·kg Ϫ1 · day Ϫ1 ; n ϭ 6). Water restriction. Mice were kept for 48 h without access to water. A control group had free access to tap water (n ϭ 6 each).
Water loading. Mice had access to tap water and a bottle with 8% sucrose solution (n ϭ 6).
1-Desamino-8-D-arginine-vasopressin infusion.
Mice were infused with 1-desamino-8-D-arginine-vasopressin (DDAVP; 2 g·kg Ϫ1 · day Ϫ1 ; Sigma) for 7 days via osmotic minipumps (n ϭ 6).
RNA Isolation and Quantitative RT-PCR
To localize NKCC2 isoform expression to specific zones of the kidney, mouse kidney specimens were microdissected and divided into the cortex (CO), outer medulla outer stripe (OMOS), outer medulla inner stripe (OMIS), and inner medulla (IM). Complementary DNA (cDNA) was obtained by reverse transcription (M-MLV-RT; Invitrogen), and real-time PCR was performed for NKCC2 isoforms, ␤-actin, and GAPDH using a Light-Cycler system (Roche, Mannheim, Germany). NKCC2 isoform mRNA expression data were normalized to ␤-actin or GAPDH mRNA expression. The following isoform-specific oligonucleotide primers were used: 5=-gcctctcctggattgtaggagaa-3= (common sense primer located in exon 3), 5=-cccagtgatagaggttaccatggt-3= (antisense, NKCC2A), 5=-gacaaacctgtgatggctgtca-3= (antisense, NKCC2B), and 5=-acaactacgctcaggccaatg-3= (antisense, NKCC2F). To detect all isoforms (total NKCC2 expression), the common sense primer in exon 3 was combined with a common antisense primer in exon 5, located downstream of the variable exons 4B, 4A, and 4F (5=-ctaagctccgggaaatcaggta-3=).
Western Blotting
Western blotting for NKCC2, pNKCC2, and GAPDH was performed according to standard protocols using a membrane fraction obtained by differential centrifugation steps of whole kidney protein extracts. Twenty micrograms of the protein extract were loaded on SDS gels for the determinations of the NKCC2 and pNKCC2 abundance; 2 g were loaded for GAPDH. Anti NKCC2 and pNKCC2 antibodies were a gift from Dr. Bachmann (Charite, Berlin; Ref. 22) . The anti-GAPDH antibody was from Abnova (Walnut, CA). Secondary antibodies were horseradish peroxidase-conjugated, and X-ray films were evaluated densitometrically after chemiluminescence exposure (Bio1d, Vilber Lourmat, France).
Blood Pressure Determination
Systolic blood pressure was measured by tailcuff manometry, as described previously (26) .
Determination of Urine Osmolarity
Urine osmolarities under ambient conditions were determined in spot urine samples of conscious mice by the freezing point depression method.
Perfusion Culture of Kidney Slices
Tissue culture was performed as described in detail recently (23, 35) . In brief, kidneys were harvested and cut with a tissue chopper. Kidney slices (250 m) were positioned between two layers of polyester fleece and transferred to a perfusion chamber (Minucells, Bad Abbach, Germany). The flow rate of the culture medium (IMDM; GIBCO) was adjusted to 2 ml/h and the following drugs were added for 48 h: angiotensin II (10 nM), losartan (100 nM), PD 123319 (100 nM), and furosemide (10 M).
Statistics
Data are expressed as means and SE. Statistical comparisons were made by Student's t-test or by ANOVA with Bonferroni post hoc test when necessary.
RESULTS
Expression of NKCC2 Isoforms During Modulation of Oral Salt Intake
No specific antibodies are available that can distinguish between NKCC2 isoforms. This problem is related to the high homology of the amino acid sequences (32 aa) encoded by the variable exon 4 of the NKCC2 mRNA (Fig. 1) . When NKCC2B is taken as a reference, NKCC2A and NKCC2F share 25 and 24 out of 32 amino acids encoded by the variable exon 4; with a total length of 1,095 amino acids for each NKCC2 isoform, these differences in the amino acid sequences result in an overall homology of 99.4 and 99.3% for NKCC2A and NKCC2F, respectively, compared with NKCC2B ( Fig. 1) .
Therefore, NKCC2 isoform expression was determined by quantitative RT-PCR using isoform-specific primers. This approach also ensured that no postsplicing events, such as modulation of translation efficiency, would mask changes in the splicing process. For a standard diet, NKCC2F was the dominant isoform in the OMIS with a declining gradient of expression towards the cortex. NKCC2A was mostly found in the OMOS and the cortex, where it overlapped with NKCC2B ( Fig. 2) . A reduction of oral salt intake (low-salt diet vs. standard diet vs. high-salt diet) slightly increased the expression of NKCC2F in the OMIS and OMOS. More noticeably, for a low-salt diet, the expression pattern of the NKCC2 isoforms shifted from NKCC2A to NKCC2B in the OMOS, and this shift was also observed in the cortex. Thus during a low-salt diet, the NKCC2A mRNA was reduced by 51 Ϯ 5 and 45 Ϯ 3% in the cortex and OMOS, respectively, and NKCC2B was increased by 105 Ϯ 20 and 122 Ϯ 10%, respectively (Fig.  2 ). These changes in the isoform expression levels resulted in an overall increase in NKCC2 mRNA abundance when the oral salt intake was reduced (Fig. 2) .
NKCC2 protein and phospho-NKCC2 protein were determined after modulation of oral salt intake to asses how the changes in the single NKCC2 mRNA isoform expression levels would translate into net NKCC2 protein abundance. As shown in Fig. 3A , total NKCC2 protein abundance in whole kidneys during changes in dietary salt intake did not change significantly. The abundance of pNKCC2, normalized to the GAPDH abundance, however, increased during salt restriction averaging 2.57 Ϯ 0.18, 1.73 Ϯ 0.19, and 1.30 Ϯ 0.23 rU for a low-salt diet, control diet, and high-salt diet, respectively (n ϭ 4; P Ͻ 0.05 for low salt vs. control).
Influence of NKCC2 Transport Activity on NKCC2 Differential Splicing
Variation in oral salt intake may influence NKCC2 differential splicing by altering TAL transport activity. Therefore, we next determined the influence of inhibited NKCC2 transport on the splicing process. For this purpose, furosemide was applied via osmotic minipumps for 7 days. The urine osmolarity decreased from 1,625 Ϯ 188 at baseline to 355 Ϯ 100 mosmol/kgH 2 O during furosemide treatment (P Ͻ 0.01; Table 1 ). As shown in Fig. 4 , the total NKCC2 expression after furosemide infusion was unaltered in the cortex but reduced in the OMOS and OMIS, resulting in a slight reduction of the NKCC2 expression for the total kidney. The unchanged total NKCC2 expression in the cortex was accompanied by a marked shift of the expression levels of single NKCC2 isoforms, similar to what was seen after a salt-restricted diet (Fig.  4) . Thus the NKCC2A expression was reduced by 70 Ϯ 8% during furosemide treatment (n ϭ 6; P Ͻ 0.05 vs. vehicle), whereas the NKCC2B mRNA abundance was increased by 64 Ϯ 9% (n ϭ 6; P Ͻ 0.05 vs. vehicle). There was a slight reduction of NKCC2F expression in the cortex after furosemide; however, the absolute cortical NKCC2F levels were very low (Fig. 4) . A similar shift from NKCC2A to NKCC2B expression was also detected in the OMOS. The changes in the NKCC2B and NKCC2A abundance during furosemide treatment were paralleled by reduced NKCC2F levels in the OMOS and OMIS when compared with those in vehicle-infused mice (Ϫ45 and Ϫ27%, P Ͻ 0.05, respectively).
Influence of Angiotensin II on NKCC2 Differential Splicing
The previously mentioned conditions, such as modulation of oral salt intake, are accompanied by changes in the activity of the renin angiotensin system, and angiotensin receptors have been shown to be expressed along the TAL. Therefore, we next addressed the role of angiotensin II in the regulation of the splicing process of the NKCC2 pre-mRNA. For this purpose, mice were chronically infused with angiotensin II via osmotic minipumps (2 mg·kg Ϫ1 ·day Ϫ1 ). Angiotensin II infusion resulted in an increase in arterial blood pressure averaging 165 Ϯ 5 mmHg compared with 112 Ϯ 4 mmHg in vehicle-infused controls (P Ͻ 0.01). After 7 days of angiotensin II infusion, the total NKCC2 mRNA expression slightly increased without reaching levels of significance in the OMOS and cortex. There was a marked shift in the expression of NKCC2 isoforms in the cortex similarly to that during the salt-restricted diet. The NKCC2B levels increased and the NKCC2A abundance decreased relative to those in vehicle-infused mice (Fig. 5) .
In view of the modulation of NKCC2 expression and splicing during angiotensin II infusion, we next determined the type of receptor that mediated the effect of angiotensin II. Mice received the AT 1 receptor antagonist losartan (30 mg·kg Ϫ1 · day
Ϫ1
) and the AT 2 receptor antagonist PD123319 (10 mg·kg Ϫ1 ·day Ϫ1 ) for 7 days, after which the NKCC2 isoform expression was determined. Losartan changed the NKCC2 isoform expression opposite to the change observed for the angiotensin II infusion, as shown in detail in Fig. 5 . In contrast, PD123319 administration did not influence the absolute or relative expression levels of any NKCC2 isoform (not shown). Fig. 4 . Inhibition of NKCC2 transport activity by furosemide modulates NKCC2 isoform abundance. Furosemide (10 mg·kg Ϫ1 ·day Ϫ1 ) was administered via osmotic minipumps and NKCC2 isoform expression was determined after 7 days: cortex (A), OMOS (B), and OMIS (C). *P Ͻ 0.05 vs. vehicle. To further establish a possible cause-effect correlation for the regulation of the NKCC2 differential splicing during a salt-restricted diet by angiotensin II, we next combined a low-salt diet with the AT 1 receptor antagonist losartan. Again, during a low-salt diet, the expression pattern of the NKCC2 isoforms shifted from NKCC2A to NKCC2B in the cortex and OMOS, as shown in Fig. 6 . When a low-salt diet was combined with the AT 1 antagonist losartan, the magnitude of the changes in the expression levels of the single isoforms was markedly reduced, indicating a partial AT 1 receptor-dependent effect (Fig. 6) .
In Vitro Analysis of the Effects of Furosemide and Angiotensin II on NKCC2 Differential Splicing
To assess the regulation of the differential splicing of NKCC2 under controlled in vitro conditions, kidney slices were incubated in a perfusion chamber system (48 h). The baseline expression of the NKCC2 isoforms in cultured kidney slices differed from the in vivo situation, with NKCC2A being the dominant isoform, as summarized in Fig. 7 . Furosemide (100 M) reduced the abundance of the A and F isoforms and increased the expression of the B isoform, similar to the regulation that was observed in vivo (Fig. 7A) . Angiotensin II (10 nM) increased the expression of all NKCC2 isoforms without altering the distribution pattern of the single isoforms (Fig. 7B) . The effect of angiotensin II was blocked in the presence of losartan (100 nM), whereas the AT 2 antagonist PD123319 (100 nM) did not influence the NKCC2 isoform expression during incubation with angiotensin II (n ϭ 9 slices for each condition; Fig. 7B ).
Influence of Water Restriction and Water Loading on NKCC2 Differential Splicing
Water restriction for 48 h resulted in an induction of all NKCC2 isoforms independent of their zonal localization. Thus, compared with mice with free access to water, water restriction enhanced the total NKCC2 abundance by 85, 118, and 79% in the cortex, OMOS, and OMIS, respectively (Fig. 8) . For the single isoforms, water restriction induced NKCC2B levels in the cortex and OMOS. As in the control animals, the NKCC2B abundance in the OMIS was low. Similarly, the NKCC2A and NKCC2F abundance increased in all kidney zones, with the absolute levels of NKCC2F in the cortex being close to the ) was administered in the drinking water in combination with a low-salt diet [0.02% NaCl (wt/wt)]: cortex (A), OMOS (B), and OMIS (C). *P Ͻ 0.05 vs. control. §P Ͻ 0.05 vs. low-salt diet. detection limit. Water restriction was accompanied by a marked increase in the spot urine osmolarity from 1,625 Ϯ 188 to 3,320 Ϯ 405 mosmol/kgH 2 O (n ϭ 8; Table 1 ). Therefore, we next considered interstitial osmolarity as a modulator of NKCC2 differential splicing and/or overall NKCC2 mRNA expression. To decrease the urine osmolarity below the ambient osmolarity, mice were offered sugar water (8% sucrose) in addition to tap water. Mice preferred the sugar solution over the tap water and increased their daily water intake markedly, resulting in a drop in ambient osmolarity to 360 Ϯ 100 mosmol/kgH 2 O. In contrast to restraining mice from water access, the water loading suppressed NKCC2 mRNA levels but again did not alter the distribution pattern of the NKCC2 isoforms, as shown in Fig. 8 .
Because the abundance of all the NKCC2 isoforms increased and decreased in parallel during water restriction and water loading, we used these experimental maneuvers to assess if changes in the mRNA abundances of the NKCC2 isoforms result in altered NKCC2 protein levels. The NKCC2 protein normalized to the GAPDH abundance was 0.56 Ϯ 0.04, 0.72 Ϯ 0.05, and 1.32 Ϯ 0.09 rU for water loading, control, and water restriction, respectively (n ϭ 4; P Ͻ 0.01 for water restriction vs. control and P Ͻ 0.05 for water loading vs. control).
Similarly, the pNKCC2 abundance averaged 1.94 Ϯ 0.24, 2.18 Ϯ 0.22, and 2.85 Ϯ 0.11 rU for water loading, control, and water restriction, respectively (n ϭ 4; P Ͻ 0.05 for water restriction vs. control; Fig. 9 ).
In view of the regulation of NKCC2 isoform expression by water restriction we next determined the effect of vasopressin on the differential splicing of NKCC2. Mice were chronically infused with the V2 receptor agonist DDAVP (2 g·kg Ϫ1 · day Ϫ1 ), and the NKCC2 isoform levels were determined after 7 days. Infusion of DDAVP increased the ambient urine osmolarity to 2,460 Ϯ 320 mosmol/kgH 2 O, which contrasted with the 1,560 Ϯ 188 mosmol/kgH 2 O in vehicle-infused controls (n ϭ 6; P ϭ 0.002). As shown in Fig. 10 , in contrast to water restriction, DDAVP infusion did not alter the abundance of total NKCC2 mRNA. Similarly, the expression levels of the different isoforms of the DDAVP-infused mice were indistinguishable from that of the controls.
DISCUSSION
Differential splicing is a widely observed phenomenon and contributes to the functional diversity of proteins (17) . In the Fig. 8 . Influence of water intake on NKCC2 isoform expression. mRNA expression of NKCC2 isoforms after water restriction (48 h) and water loading (8% sucrose solution in addition to tap water) and in controls (free access to tap water): cortex (A), OMOS (B), and OMIS (C). *P Ͻ 0.05 vs. vehicle. Fig. 7 . NKCC2 isoform expression in vitro. A: furosemide modulates NKCC2 expression in cultured kidney slices. mRNA expression of NKCC2 isoforms after addition of furosemide (100 M) to the perfusion medium. B: mRNA expression of NKCC2 isoforms after superfusion of kidney slices with angiotensin II (10 nM), angiotensin II (10 nM) ϩ losartan (100 nM), and angiotensin II (10 nM) ϩ PD123319 (100 nM). *P Ͻ 0.05 vs. vehicle. present study we addressed the hypothesis that the differential splicing of the renal NKCC2 is influenced by external stimuli, and, consequently, may contribute to adaptations of TAL salt retrieval and macula densa salt sensing. For NKCC2, the three main splice isoforms differ substantially in their salt transport capacity and ion affinity. Thus, in rodents, the transport capacity decreases, and the ion affinity increases in the following order: NKCC2F Ͼ NKCC2A Ͼ NKCC2B (10, 29) . The functional diversity of the isoforms is paralleled by a respective gradient of their expressions along the TAL. NKCC2F is the dominant isoform in the medullary TAL (high tubular NaCl concentrations), and NKCC2B expression levels are highest in the most downstream portions of the TAL (low tubular NaCl concentrations).
The key finding of this study was that the NKCC2 differential splicing was influenced by the dietary salt intake such that salt restriction induced a marked shift of the abundance of the single NKCC2 isoforms. Thus, in the renal cortex, NKCC2B was upregulated and NKCC2A was downregulated; similar changes occurred to a lesser extent in the OMOS. An inverse regulation of the NKCC2 isoform expression was found during a high-salt diet. Thus the differential splicing of NKCC2 is apparently a regulated process and may represent an adaptation of the TAL to salt reabsorptive needs. According to this assumption, the ion affinity and transport capacity of a particular TAL cell would change if a given amount of NKCC2 pre-mRNA is preferentially spliced to form the high-affinity B isoform of the cotransporter at the expense of the lower-affinity A isoform. This change may be functionally relevant, particularly in the most downstream portion of the TAL, where salt concentrations are low. Thus, the concentration of Cl, the transport-limiting ion, in the distal TAL decreases to the 35-mM concentration range (34) . This value is close to the K m for Cl for the A isoform, which was determined to be ϳ22 mM in the mouse, in contrast to 12 mM for the high-affinity B isoform (29) .
In terms of the regulation of NKCC2A by the dietary salt intake, these results, at first glance, may appear to be contradictory to a recent study showing that NKCC2A in the renal medulla is induced in mice when given a 1% NaCl solution as drinking fluid (13) . This maneuver, however, is not comparable to our regimen of salt-enriched food in combination with tap water, because it excludes osmoregulation by changes in fluid intake. Consequently, during volume loading with 1% NaCl solution, the renin angiotensin-system is massively suppressed (4), and this may account for increased NKCC2A expression, as discussed later.
Changes in dietary salt intake did not alter the net NKCC2 protein expression. We suggest that this finding reflects the partly opposite regulation of the single mRNA isoforms, which would be expected to reduce net changes in the overall NKCC2 protein abundance. For an adaptation of the TAL to reduced salt intake, changes in the relative contribution of the single NKCC2 isoforms to overall NKCC2 abundance apparently are more relevant than the absolute level of the cotransporter. These data are consistent with a study in rats showing that the net protein expression of NKCC2 after 10 days of salt restriction was unchanged when compared with salt-repleted animals (21) . Similar, a high-salt diet was shown not to modulate total NKCC2 abundance in the rat kidney (41) . Conversely to total NKCC2 protein abundance, the phosphorylation status of NKCC2 increased when animals received a salt-restricted diet, suggesting posttranslational modifications of the cotransporter function (2, 6, 7, 18, 31) .
The shift of the isoform-specific mRNA abundance from NKCC2A to NKCC2B during dietary salt restriction was largely recapitulated during administration of the loop diuretic furosemide. Thus NKCC2 transport activity appears to act as a sensor of the tubular NaCl concentration, which in turn influences differential splicing of the NKCC2 pre-mRNAs. These data are congruent with a recent report demonstrating increased NKCC2A and decreased NKCC2F expression in the total mouse kidney after 7 days of furosemide treatment (1). Furosemide also reduced the NKCC2F expression in the OMIS, the segment in which NKCC2F is the dominant isoform by far. Apparently, when NKCC2 transport activity in the presence of furosemide is low or absent, the NKCC2 isoform expression pattern of the OMIS changes to an expression pattern that more resembles the baseline expression pattern of the OMOS and the cortex. Consistent with this concept, downregulation of NKCC2F in the OMIS by furosemide was accompanied by increased levels of the B and A isoforms, whose baseline expression in the OMIS were low. Under normal conditions, there is a gradient of the NaCl concentration along the TAL, with chloride concentrations in the most distal portions of the TAL (in the area of the macula densa segment) dropping to Ͻ35 mM (34) . Consequently, the NKCC2F expression level in the cortical TAL under baseline conditions was low, qualitatively similar to that in the OMIS during furosemide treatment. The cellular mechanism of this regulation of the differential splicing was not determined experimentally, but we speculate that intracellular ion concentrations may influence the splicing machinery. In this context, intracellular Cl Ϫ has been shown to inversely influence NKCC2 transport activity, although this change was related to the protein levels (11, 32) . Commensurate with this assumption, cultured kidney slices showed an isoform expression pattern with reduced NKCC2F but increased NKCC2A and NKCC2B isoforms, relative to those in the in vivo conditions. Thus, when compared with the tubular concentrations in the OMIS in vivo, the Cl concentration in the culture medium was low (ϳ80 mM), leading to a preferential expression of the B isoform. The reduced NKCC2F and NKCC2A expression in vitro was further diminished in the presence of furosemide, recapitulating the in vivo results. Furosemide, however, may not have penetrated all the tissue of the kidney slices, which would quantitatively reduce net changes in isoform expression.
Furthermore, in NKCC2A-deficient mice, NKCC2B was upregulated in the renal cortex and the OMOS (27) . The cells of the cortical TAL of the mouse express NKCC2B and NKCC2A (10, 26) , and the specific genetic inactivation of NKCC2A presumably results in reduced overall NKCC2-dependent transport activity, as shown in micropuncture experiments (27) . In this situation of compromised NaCl transport activity, NKCCA is upregulated, suggesting again that the differential splicing of the NKCC2 is modulated by the NKCC2 transport activity and, by inference, the intracellular ion composition.
Changes in dietary salt intake are accompanied by the inverse changes in the activity of the renin angiotensin system (4). In view of the results obtained during the high-and low-salt diets, we supposed that angiotensin II might be involved in regulating the differential splicing of NKCC2. Both the AT 1 and AT 2 receptors have been shown to be expressed in the TAL and to be relevant for TAL function (14, 15, 24, 30) . Our experiments showed that chronic angiotensin II infusion led to a shift in the expression of NKCC2 from the A isoform to the B isoform similar to that which occurred for dietary salt restriction, and this regulation was most obvious in the renal cortex. Furthermore, combining the AT 1 receptor antagonist losartan with a salt-restricted diet partially suppressed the regulation of the NKCC2 isoform expression during salt deprivation, suggesting that AT 1 receptor activation during the low-salt diet contributes to the regulation of the NKCC2 isoforms. At the whole organ level, angiotensin II has recently been shown to increase the total NKCC2 mRNA expression in the rat (19, 43) . These in vivo data, however, differ from the situation in vitro, as determined during incubation of kidney slices in the presence of angiotensin II. In the cultured kidney slices, angiotensin II acting on the AT 1 receptor stimulated the expression of NKCC2 with no apparent isoform specificity, suggesting that angiotensin II in vivo affected the isoform expression indirectly rather than directly. Thus elevated angiotensin II concentrations have been shown to reduce the glomerular filtration rate and increase proximal tubular salt reabsorption, both of which would convert the TAL into a situation with reduced local salt concentration. An indirect, transportdependent effect of angiotensin II was also suggested by the regulation of NKCC2F in the OMIS. Thus NKCC2F in the OMIS was downregulated during angiotensin II infusion. This downregulation was similar to that during furosemide, albeit to a much lower extent.
NKCC2 transport activity facilitates the bulk of TAL transepithelial salt transport. In addition, NKCC2-dependent salt transport accounts for macula densa salt sensing and triggers the signaling cascades within the juxtaglomerular apparatus. Thus, macula densa salt transport by NKCC2 modulates renin secretion from granulated juxtaglomerular cells of the afferent arteriole and influences the tone of the afferent arteriole to control the single nephron GFR (TGF). Macula densa cells express the B and A isoforms of NKCC2. Studies in mice with specific inactivation of NKCC2B or NKCC2A also suggested that both isoforms cooperate in macula densa salt sensing, facilitating the detection of changes in tubular Cl over a wide range of concentrations (26, 27) . Thus, in NKCC2B-deficient mice, the TGF response curves were right-shifted compared with those in wild-type mice, whereas the TGF curve was left shifted in NKCC2A-deficient animals, and the maximum response magnitude was reduced. Theses findings suggest that NKCC2B primarily accounts for salt sensing in the low concentration range, whereas NKCC2A mediates salt sensing in the high concentration range, when NKCC2B transport activity is fully saturated. During prolonged exposure to deviated tubular salt concentration, TGF responsiveness is restored by resetting mechanisms that change the operating point of the TGF feedback loop (36, 37) . The shift from the low-affinity A isoform to the high-affinity B isoform in the renal cortex during chronic salt deprivation may contribute to this resetting of the TGF, rendering the macula densa cells more sensitive in the low Cl concentration range.
In contrast to the changes in oral salt intake, which appeared to specifically regulate NKCC2 differential splicing in a sitespecific manner, the changes in water consumption, such as water restriction and water loading, had a general impact on the NKCC2 mRNA transcription and/or mRNA stability, without influencing the relative abundance of the single isoforms. Thus the NKCC2 mRNA expression was altered by water intake, with water restriction stimulating and water loading suppressing the expression of all isoforms. This regulation at the mRNA level was paralleled by corresponding changes in the NKCC2 protein abundance and in the protein phosphorylation status. These data are consistent with recent studies in male Fisher 344 x Brown Norway and in Sprague-Dawley rats, reporting increased protein expression of NKCC2 after water restriction (6, 39) .
Water restriction results in markedly elevated vasopressin levels (25) . The regulation of the NKCC2 mRNA during water restriction appeared to be independent of the V2 vasopressin receptors because infusion of the V2 agonist DDAVP did not alter the NKCC2 mRNA expression, indicating a V2-independent effect. A more direct assessment of the cause-effect of vasopressin on the differential splicing of NKCC2 during water restriction, such as the combination of water restriction and the application of a V2 receptor antagonist, is problematic because V2-mediated concentrating ability during water restriction is crucial for the survival of the animals during this condition. Similar results were recently obtained for rats. Again, water loading led to decreased expression levels of the NKCC2 A and F isoform (1) . In contrast to NKCC2 mRNA expression, vasopressin has been shown to increase NKCC2 protein abundance and the protein phosphorylation status, resulting in augmented membrane trafficking (2, 6, 9, 18, 31) .
As a limitation to this study, the expression of the NKCC2 isoforms was determined at the mRNA levels. Presumably due to the high similarity between the NKCC2 isoforms, all our attempts to generate isoform-specific antibodies were unsuccessful. When using kidneys from NKCC2B -and NKCC2A-deficient mice (26, 27) , several different antibodies raised against NKCC2B and NKCC2A produced similar signals like what was seen in wild-type tissues (immunohistochemistry and Western blotting), suggesting that there was unspecific binding and cross-reactivity of the antibodies to the remaining isoforms. Nevertheless, when the expression levels of all isoforms changed in the same way, such as during water restriction, the mRNA and total protein levels of NKCC2 changed in parallel, suggesting that the amount of mRNA determines the expression level of the NKCC2 protein.
In summary, differential splicing of NKCC2 pre-mRNA is regulated by dietary salt intake and may therefore participate in long-term adaptive processes of the TAL. Our data suggest that the NKCC2 transport activity and, by inference, intracellular ion composition participate in the modulation of the splicing process. Although multiple additional mechanisms may impinge on the splicing process, our data suggest a common regulatory pattern characterized by a preferential formation of the higher affinity isoforms in situations of reduced NKCC2 transport activity. This general pattern appears to be modulated by hormones, such as angiotensin II.
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